Introduction
============

Human osteoarthritis (OA) is a chronic, nonclassical inflammatory disease of diarthrodial synovial joints and a leading cause of disability in the adult population worldwide. Mechanical stress on the joints is a primary reason for the development of OA but genetic and environmental factors also have critical roles in its pathogenesis.^[@bib1]^ Progressive loss of collagens and proteoglycans due to the concerted activity of matrix degrading metalloproteases MMP-1 (collagenase-1), MMP-3 (stromelysin-1), MMP-2 (72 kDa gelatinase), MMP-9 (92 kDa gelatinase), MMP13 (collagenase-3) and members of the aggrecanase family ADAMTS4 and 5 disturb the cartilage homeostasis and affect joint stability and function. Pro-inflammatory cytokines interleukin (IL)-1β, tumor necrosis factor-alpha (TNF-α) and IL-6, which are also found at high levels in the synovial fluid of OA patients, are believed to have important roles in the pathophysiology of OA by upregulating the expression of matrix-degrading MMPs and aggrecanases and downregulating the synthesis of type-II collagen and aggrecan, which are the building blocks of cartilage matrix.^[@bib2],\ [@bib3]^

Cytokines mRNA turnover is extensively regulated by post-transcriptional mechanism.^[@bib4]^ A recently identified protein MCPIP1 (ZC3H12A/RegnaseA, NM_025079) contains intrinsic RNAse activity that requires stem-loop structure located in the 3′ UTR of the target mRNAs for degradation.^[@bib5]^ Expression of MCPIP1 is induced by MCP-1 and inflammatory cytokines including TNF-α and IL-1β in monocytes and macrophages.^[@bib6]^ We have recently demonstrated that IL-1β is also a potent-inducer of MCPIP1 expression in human OA chondrocytes.^[@bib7],\ [@bib8]^ Other studies have shown that MCPIP1 null mice develop severe autoimmune complexities resulting in death after few weeks of birth.^[@bib9]^ Interestingly, macrophages from MCPIP1 null mice produce elevated levels of IL-6 (NM_000600).^[@bib6],\ [@bib9],\ [@bib10]^ These data suggests that MCPIP1 may be an important post-transcriptional regulator of IL-6 expression *in vivo*.

Multiple species of small non-coding RNAs are involved in the regulation of gene expression. Among them micro-RNAs (miRNAs), which are small 19-22 long single stranded RNAs, bind with the 'seed sequence\' located in the 3′ UTR, 5′ UTR or coding sequence of the target transcript and promote mRNA degradation or impede translation.^[@bib11],\ [@bib12],\ [@bib13]^ It is widely believed that various biological processes including cellular differentiation, proliferation and development are regulated by miRNAs.^[@bib12]^ Alteration in miRNAs expression has been reported in the pathophysiology of various diseases including OA.^[@bib14],\ [@bib15]^ Cartilage-specific Dicer-null mice showed severe skeletal growth defects and premature death.^[@bib16]^ More direct evidence of miRNAs role in OA pathogenesis is provided by miRNA-140-deficient mice, which develop age-related OA symptoms with loss of proteoglycan and fibrillation of articular cartilage.^[@bib17]^ In addition, other miRNAs including miR-146, 9, 22, 27a/b, 602 and 608 have been demonstrated to have a significant role in regulating OA-related genes in chondrocytes *in vitro*.^[@bib13],\ [@bib14],\ [@bib15],\ [@bib16],\ [@bib17],\ [@bib18]^

In a previous study, we demonstrated the miR-9-mediated regulation of MCPIP1 and IL-6 expression in human OA chondrocytes.^[@bib7],\ [@bib8],\ [@bib19]^ Based on our data, we hypothesized that the 3′ UTR of MCPIP1 mRNA might contain additional 'seed sequence\' that may be targeted by other miRNAs and thus may be an important player in the post-transcriptional regulation of MCPIP1 expression in OA. Using TargetscanS algorithm, we identified a potential miR-139 'seed sequence\' in the 3′ UTR of MCPIP1 mRNA. Gene expression analysis using miRNA TaqMan assays in OA cartilage samples revealed that the expression of miR-139 was significantly higher in the damaged cartilage compared with smooth cartilage from the same OA patients (*P*\<0.05). Therefore, we investigated the role of miR-139 in regulating the post-transcriptional expression of MCPIP1 and the impact of such regulation on the expression of IL-6 mRNA and protein in IL-1β-stimulated OA chondrocytes. Overexpression of miR-139 downregulated the expression of MCPIP1 and increased the expression of IL-6 mRNA and protein and of MMP13 and ADAMTS4 mRNAs in OA chondrocytes. We also found that overexpression of miR-139 induces apoptosis in OA chondrocytes. Our data also demonstrated that the caspase3/7 activity was higher in OA chondrocytes with the overexpression of both miR-139 and miR-9. These findings indicate that the high levels of miR-9 and miR-139 expression detected in OA cartilage may contribute to the pathophysiology of OA by enhancing the expression of IL-6 and induction of apoptosis, and that targeting miR-139/9 may be beneficial in controlling disease progression.

Materials and Methods
=====================

Reagents
--------

Media and other reagents for chondrocyte culture were purchased from Life Technologies (Carlsbad, CA, USA). Pronase and collagenase were from Roche Diagnostics (Indianapolis, IN, USA). Recombinant human IL-1β and IL-6 were procured from R&D Systems (Minneapolis, MN, USA). Antibodies specific for BCL-2 and β-Actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and anti-BclX/l antibodies were obtained from Millipore (Billerica, MA, USA). Horseradish peroxidase-conjugated secondary antibodies were obtained from Pierce Biotechnology (Fisher Scientific, Waltham, MA, USA). Kits and other supplies for the preparation of total RNA were from Qiagen (Valencia, CA, USA). Caspase Glo 3/7 Assay kit was purchased from Promega (Madison, WI, USA). Human IL-6 PicoKine ELISA Kit was purchased from Booster Bio (Fremont, CA, USA).

Cartilage samples and preparation of chondrocytes
-------------------------------------------------

The study protocol to use de-identified, discarded human cartilage samples was reviewed and approved as 'non-human subject study under 45 CFR\' by the Institutional Review Board of North East Ohio Medical University, Rootstown, OH and SUMMA Health Systems, Akron, OH. Knee cartilage of OA patients aged 45--70 years (eight OA cartilage samples, four males and four females, mean age 58±11.5 years) who underwent total joint arthroplasty at Summa St Thomas Hospital, Akron, OH were used to prepare the chondrocytes by enzymatic digestion as previously described in several of our publications.^[@bib13],\ [@bib20],\ [@bib21],\ [@bib22]^ Pieces of smooth cartilage were resected from the area with surface integrity without any irregularity (no staining with India ink, smooth cartilage), while damaged cartilage was obtained from area with gross erosions and stained positive with India ink. Some pieces of cartilage were stored in liquid nitrogen immediately for RNA isolation later and rest of the pieces were digested first with Pronase (1 mg ml^−1^) for 1 h and then with Collagenase (1 mg ml^−1^) and the isolated chondrocytes were plated in complete medium essentially as described previously.^[@bib13],\ [@bib20],\ [@bib21],\ [@bib23]^

Preparation of total RNA and gene expression analyses
-----------------------------------------------------

To prepare total RNA directly from cartilage samples, resected cartilage pieces were frozen in liquid nitrogen and grinded in a freezer mill in liquid nitrogen (Spex, Metuchen, NJ, USA) and the resulting powder was used to make total RNA using a commercially available kit (RNeasy Plus mini kit, Qiagen, Valencia, CA, USA). Total RNA from cultured chondrocytes was prepared by lysing the cells directly in the lysis buffer (RNeasy Plus mini kit) essentially according to the protocol provided with the kit. Single stranded complementary DNA was synthesized using the genomic DNA-free total RNA using the Quantitect Reverse Transcription kit (Qiagen) according to the manufacturer\'s protocol. Gene expression of COL2A1 (NM_001844), Aggrecan (NM_013227), COL10A1 (NM_008032), COL1A1 (NM_000088), MMP-13 (NM_002427), ADAMTS-4 (NM_005099), ADAMTS-5 (NM_007s038) and IL-6 (NM_000600) was quantified using TaqMan assays (Life Technologies). Expression of mature miRNAs was determined using miRNA TaqMan Assays. Expression levels were determined in one plate for each set of experiment. Values were normalized to the corresponding amounts of β-Actin or RNU6B expression level measured within the same plate. Relative expression levels were calculated using the 2^−ΔΔCT^ method.^[@bib24]^

Chondrocytes treatment and transfections
----------------------------------------

For each treatment 1.2 million primary OA chondrocytes were seeded into 3.5 cm dishes, and when 80% confluent chondrocytes were incubated in serum-free medium for 12 h and then treated with IL-1β for the indicated time point or with different concentrations of IL-6 as indicated in the figure legend. OA chondrocytes were transfected with 200 n[M]{.smallcaps} control miRNA or miR-139 mimic or inhibitor using Amaxa Nucleofactor System and the chondrocyte Transfection kit according to the manufacturer\'s protocol (Lonza, Walkersville, MD, USA). Thirty-six hours post transfection, OA chondrocytes were stimulated with 2 ng ml^−1^ of IL-1β for an additional 24 h.

Immunoblotting and caspase 3/7 activity assay
---------------------------------------------

Primary OA chondrocytes were transfected as above using control miRNA or miR-9 or miR-139 mimetics. After treatment, OA chondrocytes were harvested and western blotting was performed essentially as describedbefore.^[@bib25],\ [@bib26]^ Briefly OA chondrocytes were washed with cold PBS and lysed in ice-cold lysis buffer (50 m[M]{.smallcaps} Tris pH 7.6, 400 m[M]{.smallcaps} NaCl, 0.5% NP-40, 1 m[M]{.smallcaps} PMSF and 1 × protease inhibitor cocktail (Roche). Lysates were clarified by centrifugation (15 000 *g* for 15 min at 4 °C) and the supernatant was transferred to another eppendorf tube. Equivalent amount of protein lysates (25 μg) were resolved by 10% SDS--polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride (PVDF) membrane (Hybond P, Amersham Biosciences, Piscataway, NJ, USA) and the blots were incubated with anti-BCl2 (1:1000), anti-BClx/l (1:1000) or anti-β--Actin (1:5000) primary antibodies in TBS with Tween with 5% bovine serum albumin overnight at 4 °C. Blots were then incubated with the appropriate horseradish peroxidase-conjugated secondary antibodies and the antibody reactive proteins were visualized and analyzed using the Syngene Pxi imager and the Syngene Image analysis software (Syngene, Cambridge, UK), respectively. For miRNA-induced caspase activity, the assay was performed essentially as described by the manufacturer of the kit (Promega). Luminescence was measured in BioTek microplate reader (BioTek, Winooski, VT, USA).

IL-6 ELISA assay
----------------

IL-6 levels in culture supernatants from miR-139 mimic- or inhibitor-transfected chondrocytes were determined using a human IL-6-specific enzyme-linked immunosorbent assay (ELISA) kit according to manufacturer\'s instructions (Boster Immunoleader, Pleasonton, CA, USA). Values were derived using a standard curve prepared using recombinant human IL-6.

Luciferase activity reporter assay
----------------------------------

The 3′ UTR of MCPIP1 mRNA was amplified by PCR using primer pairs 5′-GTCAACTAGTCTCTCCTACAAGTCCCAGCA-3′ and 5′-TGACAAGCTTTTGAAAGGGCTCACAAT GAT-3′. PCR was performed in a final volume of 50 μl mixture containing 1 × reaction buffer, 0.2 μ[M]{.smallcaps} of each primer, 200 μ[M]{.smallcaps} dNTPs, 1.5 m[M]{.smallcaps} MgCl~2~ and 2.5 U of Platinum Taq DNA Polymerase (Life Technologies) and consisted of an initial denaturation step of 2 min at 94 °C, followed by 35 cycles of 94 °C for 30 s, 60 °C for 30 s and 72 °C for 60 s, with a final extension step of 5 min at 72 °C. Amplified product was digested with *Hin*dIII and S*pe*I restriction endonucleases in the CutSmart buffer system (New England Biolabs, Ipswich, MA, USA) and cloned into the gel-purified pMIR-REPORT vector digested with the same enzymes. QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA) was used to introduce the mutations into the miR-139 'seed sequence\' located in the 3′ UTR of the MCPIP-1 mRNA using the oligo 5′-CAAACCAAAGATA**AACGT**GGATTGGTTCTGG-3′ (mutated nucleotides are in bold). Primary OA chondrocytes were nucleofected with the pMIR-REPORT vector containing either the wild-type or mutant 3′ UTR of the MCPIP-1 mRNA as described above with miR-139 mimic or miR-control miRNAs. Thirty-six hours post transfection luciferase enzyme activity was measured using a commercially available kit (Promega). Renilla luciferase plasmid was co-transfected in each sample as transfection control and used to normalize the firefly luciferase activity values.

Statistic analysis
------------------

Each experiment was repeated three times using three independent patient samples. The values are presented as the mean±s.d. and the statistically significant difference between the experimental groups and controls was determined using Student\'s *t*-test. *P*\<0.05 was considered to be statistically significant.

Results
=======

miR-139 was highly overexpressed in damaged OA cartilage and its expression was induced by IL-1β in primary OA chondrocytes
---------------------------------------------------------------------------------------------------------------------------

In our previous study, we have shown the reduced expression of MCPIP1 in damaged OA cartilage compared with that of the smooth cartilage.^[@bib7],\ [@bib8]^ Close analyses of the MCPIP1 mRNA 3′UTR sequence revealed the existence of miRNA-139 'seed sequence\' in the 3′ UTR of MCPIP1 transcript. This prompted us to investigate the dynamics of the miR-139 expression in damaged cartilage. MicroRNA-139 expression was significantly high in the damaged area of OA cartilage samples compared with the cartilage derived from the smooth cartilage from the same patients ([Figure 1a](#fig1){ref-type="fig"}). To mimic the pathological conditions, OA chondrocytes obtained from the smooth or damaged region of the OA cartilage were stimulated with IL-1β (2 ng ml^−1^) in a time-dependent manner and miR-139 expression was analyzed by TaqMan microRNA assay. Expression of miR-139 was induced significantly in OA chondrocytes from both the smooth or damaged cartilage post 12-h stimulation with IL-1β ([Figures 1b--c](#fig1){ref-type="fig"}). These results indicate that miR-139 expression is IL-1β inducible and higher expression in damaged cartilage may be related to its exposure to inflammatory milieu that includes IL-1β in the diseased joint.

Expression of marker genes in human OA chondrocytes cultured in monolayer
-------------------------------------------------------------------------

To determine if monolayer culturing of chondrocytes results in alteration of chondrocyte marker genes, we determined the expression of COL2A1 (NM_001844), Aggrecan (NM_013227), COL10A1 (NM_008032) and COL1A1 (NM_000088) by TaqMan assays. As shown in [Figure 1d](#fig1){ref-type="fig"}, human chondrocytes cultured in monolayer for up to 72 h expressed COL2A1 and ACAN genes robustly with little or no expression of COL10A1 and COL1A1 detected at the time points analyzed. We thus conclude that in short-term (72 h) monolayer cultures, primary human OA chondrocytes maintain their phenotype.

Overexpression of miR-139 alter the expression of MCPIP1 and IL-6 mRNA and protein in OA chondrocytes
-----------------------------------------------------------------------------------------------------

Because of the presence of the miR-139 'seed sequence\' in the 3′UTR of MCPIP1 mRNA, we determined whether miR-139 post-transcriptionally regulates the expression of MCPIP1 mRNA in OA chondrocytes. Overexpression of miR-139 inhibitor in OA chondrocytes significantly increased the expression of MCPIP1 mRNA (35%) ([Figure 2a](#fig2){ref-type="fig"}; *P*\<0.05). In contrast, overexpression of miR-139 decreased the levels of MCPIP1 transcripts (42%) in the transfected OA chondrocytes ([Figure 2a](#fig2){ref-type="fig"}; *P*\<0.05). Since, MCPIP1 is a post-transcriptional regulator of IL-6 expression in OA chondrocytes as shown by us^[@bib7],\ [@bib8]^ and in other cell types by others,^[@bib5],\ [@bib9]^ we determined the effect of miR-139 inhibition or overexpression on the expression of IL-6 mRNA and secreted protein. Inhibition of miR-139 decreased the expression of IL-6 mRNA by 38% and secreted the IL-6 protein by 40% in OA chondrocytes and culture supernatants, respectively ([Figures 2b](#fig2){ref-type="fig"}, *P*\<0.05). However, overexpression of miR-139 increased the expression of IL-6 mRNA by 36% and secreted IL-6 protein by 56%, which correlates with the downregulation of MCPIP1 mRNA expression and is in agreement with the above results ([Figure 2c](#fig2){ref-type="fig"}; *P*\<0.05). These data indicate that miR-139 is an important direct post-transcriptional regulator of MCPIP-1 and indirect post-transcriptional regulator of IL-6 expression in OA chondrocytes *in vitro*.

Overexpression of miR-139 alters the expression of catabolic genes but not the expression of anabolic genes in OA chondrocytes
------------------------------------------------------------------------------------------------------------------------------

Many well-characterized genes are known to be involved in the pathogenesis of OA. For example, catabolic proteins like metalloproteases and aggrecanases are overexpressed and degrade their respective targets in the cartilage matrix leading to cartilage breakdown in OA.^[@bib3],\ [@bib27]^ To assay the effect of miR-139 overexpression or inhibition in OA chondrocytes on the expression of anabolic and catabolic genes, we transfected OA chondrocytes with miR-139 mimics or inhibitors and stimulated with IL-1β as above and analyzed the mRNA expression of known anabolic and catabolic genes. Expression of anabolic genes ACAN, COL1A1 and COL10A1 was not altered but reduction was observed in the expression of COL2A1 as described in an earlier report^[@bib28]^ ([Figure 3a](#fig3){ref-type="fig"}). However, ADAMTS4 and MMP13 showed increased mRNA expression in OA chondrocytes transfected with miR-139 mimics (32% and 20%, respectively) ([Figure 3b](#fig3){ref-type="fig"}; *P*\<0.05). Contrary to that, OA chondrocytes transfected with the miR-139 inhibitor showed repressed expression of MMP13 and ADAMTS4 mRNAs although no miR-139 seed sequence was identified in the 3′UTR of these mRNAs. This indicates that the inhibitory effect was not direct. Inhibition of the other assayed catabolic genes MMP3, MMP9, ADAMTS5 or TNF-α was not observed, which suggests that their expression is not regulated by miR-139 ([Figure 3b](#fig3){ref-type="fig"}). MMP13 and ADAMTS4 are known to be induced by IL-6,^[@bib29],\ [@bib30],\ [@bib31]^ therefore the changes observed in their expression may be due to the increased or decreased levels of IL-6 in OA chondrocytes with overexpression of miR-139 mimics or miR-139 inhibitor, respectively.

miR-139 target the 'seed sequence\' in the 3′ UTR of MCPIP1 mRNA
----------------------------------------------------------------

To confirm that miR-139 interacts with the 'seed sequence\' located in the 3′ UTR of the MCPIP-1 mRNA, we performed the luciferase enzyme activity reporter assay containing either the wild-type or mutated miR-139 'seed sequence\'. For these studies, wild-type or mutant MCPIP1-3′UTR reporter construct was co-transfected into OA chondrocytes with miR-139 mimic or miR-control and the luciferase enzyme activity was measured and normalized against Renilla luciferase. As shown, the luciferase enzyme activity was significantly reduced in OA chondrocytes with the overexpression of miR-139 ([Figure 4](#fig4){ref-type="fig"}). However, inhibition of the luciferase enzyme activity was abolished when reporter vector containing the mutated site in the 3′ UTR was co-transfected with miR-139 mimics ([Figure 4](#fig4){ref-type="fig"}). This data confirms that miR-139 interacts with the 'seed sequence\' located in the 3′ UTR of the MCPIP1 mRNA.

IL-6 increased the expression of miR-139
----------------------------------------

As shown previously IL-1β-induced IL-6 expression is controlled by MCPIP1, which in turn is regulated by miR-9^[@bib7]^ and miR-139 (this report). Previously, we have shown the IL-6 induced the expression of miR-9.^[@bib7],\ [@bib8]^ To determine whether IL-6 also induces the expression of miR-139, we treated the OA chondrocytes cultures with increasing concentrations of IL-6. Twenty-four hours post induction, expression of miR-139 was measured by TaqMan miRNA assay. Expression of miR-139 was significantly induced at 20 ng ml^−1^ concentration that was further enhanced in a dose-dependent manner ([Figure 5](#fig5){ref-type="fig"}). This suggests that IL-6 also has a role in increasing the miR-139 expression in OA chondrocytes, which probably is important in the feedback loop inhibition of MCPIP1 expression to maintain high levels of IL-6 expression in OA chondrocytes.

miR-139 and miR-9 induce apoptosis in OA chondrocytes
-----------------------------------------------------

To further investigate the biological functions of miR-139 and miR-9 in OA chondrocytes, we overexpressed these two microRNAs individually or in combination in OA chondrocytes. Expression of anti-apoptotic protein BCL2 (NM_000633) or BCLXL (NM_001191) in OA chondrocytes with the overexpression of miR-9 and miR-139 was decreased ([Figure 6a](#fig6){ref-type="fig"}) although we could not identify 'seed sequence\' for either miR-139 or miR-9 in the 3′ UTR of these mRNAs. This suggests that the inhibitory effect may be indirect but contributory to the chondrocyte apoptosis in OA. This is supported by our data demonstrating that caspase 3/7 activity in miR-9 or miR-139 mimic-transfected chondrocytes was significantly high compared with the activity level detected in OA chondrocytes transfected with control miRNA. However this effect was more prominent when both the miRNAs were co-transfected ([Figure 6b](#fig6){ref-type="fig"}).

Discussion
==========

In the present study for the first time, we have shown the overexpression of miR-139 in the damaged OA cartilage compared with smooth OA cartilage from the same patients and the IL-1β-induced expression of miR-139 in OA chondrocytes. Upregulation of miR-139 in damaged OA cartilage compared with smooth cartilage suggests that it has a pathophysiological role in the OA. Interestingly, overexpression of miR-139 decreased the expression of MCPIP1 and hence the observed increase in the IL-6 expression. This is in agreement with our previous findings where we showed that MCPIP1 is a negative regulator of IL-6 expression in OA chondrocytes. Furthermore, we found that the overexpression of miR-139 induced the expression of catabolic markers of OA pathogenesis but the expression of anabolic genes, except that of COL2A1, in OA chondrocytes was not changed. This may be related to the increased expression of IL-6, which is a known inducer of catabolic genes in OA. Of note, we also demonstrated that in OA chondrocytes with overexpression of both miR-139 and miR-9, expression of BCL2 and BCLXL was downregulated and that these chondrocytes also had enhanced caspase 3/7 activity levels. These data are suggestive of a role of miR-139 and miR-9 in the induction of apoptosis in OA chondrocytes. Since no conserved binding site for either miR-139 or miR-9 in the 3′ UTR of BCL2 or BCLXL mRNAs was found, the observed effect appears to be indirect but this needs to be investigated further. In summary, our data strongly suggest that overexpressed miR-139 induces catabolic gene expression and in association with miR-9 induces apoptosis of chondrocytes, which could contribute in the pathogenesis of OA.

Cytokines such as TNF-α IL-1β GM-CSF, IL-2 and IL-17 are known to be regulated post-transcriptionally in macrophages or in T-lymphocytes by AU-rich element-binding proteins including TTP, HuR and AUF1.^[@bib32]^ TTP binds to AU-rich elements present in the IL-6 mRNA and recruits deadenylases to the complex, which activates the mRNA decay process.^[@bib33]^ On the other hand AUF1 requires putative RNA stem loop structure and AU-rich element for IL-6 mRNA destabilization.^[@bib34]^ Studies performed with MCPIP1 in macrophages and T lymphocytes also showed that MCPIP1 degrades IL-6 mRNA through a similar mode of action.^[@bib35],\ [@bib36]^ In the present study, we identify another layer of regulation of IL-6 expression by demonstrating that miR-139 mediated decay of MCPIP1 mRNA is an important event in the enhanced IL-6 expression in IL-1β-stimulated human OA chondrocytes. Expression of both miR-9 and miR-139 was upregulated in damaged OA cartilage and treatment of smooth- or damaged cartilage-derived chondrocytes by IL-1β significantly enhanced the levels of miR-139 expression in a time-dependent manner.^[@bib7],\ [@bib8]^ Also miR-9 and miR-139 both have been implicated in cell proliferation and apoptosis in multiple cell types. Increasing miR-9 expression levels in breast cancer cells induced anti-proliferative and pro-apoptotic activity.^[@bib37]^ miR-9 inhibits the proliferation of glioma cells by targeting cyclic AMP response element-binding protein (CREB), and in another study the authors found that miR-9 inhibits proliferation during neurogenesis via its action on 3′ UTRs of her6 and zic5 mRNAs.^[@bib38],\ [@bib39]^ Similarly upregulation of miR-139 also suppressed the proliferation and enhanced temozolomide-induced apoptosis in glioma.^[@bib40]^ In addition, the ectopic expression of miR-139 in human CRC cells decreased cell growth, whereas the silencing of miR-139 promoted cell growth.^[@bib41]^ We for the first time here show the pro-apoptotic activity of miR-9 and miR-139 in OA chondrocytes, suggesting high level of these two microRNAs may promote apoptosis in OA chondrocytes. However, it is fair to say that miR-9 and miR-139 could have been targeting multiple mRNAs, therefore the pro-apoptotic effect could have been due to interference with rather a complex interaction of multiple pathways.

Although the etiology of OA induction is not established but several studies have demonstrated the presence of inflammatory cytokines IL-1β, IL-6 and TNF-α in the OA joint cartilage, which exert a catabolic effect and thus are important contributors to the disease pathogenesis. IL-6 is a pro-inflammatory cytokine, which activates the transcription of its target genes via formation of an IL-6 receptor (IL-6R) complex involving a membrane-bound IL-6R, soluble IL-6R and gp130 followed by activation of STAT1/STAT3 pathway.^[@bib42]^ IL-6 has been shown to upregulate the expression of catabolic enzymes MMP-1 and MMP-13 in human and bovine cartilage explants.^[@bib43],\ [@bib44]^ Contrary to that IL-6 inhibits anabolic process by suppressing expression of type II collagen.^[@bib28]^ Multiple studies showed the levels of IL-6 are elevated in the synovial fluid and serum of RA or in OA patients when compared with normal healthy controls.^[@bib45],\ [@bib46]^ In Hartley guinea pig model of OA, IL-6 levels in serum were positively correlated with histological score of OA, which was independent of age or weight.^[@bib47]^ Another report by Tonchera *et al.*^[@bib48]^ concluded that serum levels of IL-6 were significantly higher in patients with active OA compared with healthy subjects. Furthermore, there is a direct correlation in IL-6 expression level and clinical outcome of rheumatoid arthritis, and blocking of IL-6 function has emerged a new therapeutic strategy for RA and related inflammatory disease.^[@bib49]^ The correlation between the expression of miR-139, MCPIP1 and IL-6 was established by overexpressing specific mimics and antagomiRs. These results demonstrated that miR-139 overexpression suppressed the expression of MCPIP1 mRNA and protein, and increased the expression of IL-6 mRNA and protein. Importantly, we also observed that the expression of some OA catabolic marker genes was also affected specifically of MMP13, which could be related to the changes in the expression of IL-6 in OA chondrocytes.

In summary, our study provides strong evidence of miR-139-mediated direct post-transcriptional regulation of MCPIP1 and indirect post-transcriptional regulation of IL-6 expression in OA chondrocytes. Increased expression of catabolic markers of OA and enhanced activity levels of caspases 3/7 were also promoted when miR-139 and miR-9 were overexpressed in OA chondrocytes, suggesting a role of these microRNAs in the pathogenesis of OA. Therefore, targeting miR-9 and 139 may provide benefit in the management of OA pathogenesis.
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![Expression of miR-139 is altered in damaged cartilage and is induced on IL-1β treatment. (**a**) Total RNA was isolated from smooth or damaged cartilage from OA patients, and miR-139 expression was measured by TaqMan assay. (**b**, **c**) Chondrocytes isolated from smooth cartilage or damaged cartilage were treated with IL-1β (2 ng ml^−1^) for the given time points, and miR-139 expression was measured as above. RNU6B was used as an internal control. (**d**) Expression of marker genes in human OA chondrocytes cultured in monolayer was determined by TaqMan assay. *n*=3. \**P*\<0.05; \*\**P*\<0.01; paired Student\'s *t*-test.](emm201566f1){#fig1}

![miR-139-mediated effect on the expression of MCPIP1 or IL-6 in human OA chondrocytes. OA chondrocytes were nucleofected with miR-139 mimic, miR-139 inhibitor and miR-control. Thirty-six hours later, chondrocytes were stimulated with 2 ng ml^−1^ IL-1β for 24 h. RNA was isolated from the chondrocytes, and complementary DNA was generated. mRNA expression was measured by TaqMan assays specific for MCPIP1 (**a**) and IL-6 (**b**) mRNAs. Gene-specific mRNA expression was normalized against β-actin expression. (**c**) Sandwich ELISA was performed to determine the level of IL-6 in culture supernatant. *n*=3. \**P*\<0.05; \*\**P*\<0.01; paired Student\'s *t*-test.](emm201566f2){#fig2}

![Effect of miR-139 on the expression of human OA marker genes. OA chondrocytes were nucleofected with miR-139 mimic, miR-139 inhibitor or miR-control. Thirty-six hours later, chondrocytes were stimulated with 2 ng ml^−1^ IL-1β for 24 h. RNA was isolated from the chondrocytes, and complementary DNA was generated. mRNA expression of anabolic (**a**) or catabolic (**b**) markers were quantified by TaqMan assays. β-Actin was used as an internal control. *n*=3. \**P*\<0.05; paired Student\'s *t*-test.](emm201566f3){#fig3}

![Overexpression of miR-139 downregulated the pMIR-MCPIP1-3′ UTR luciferase reporter activity. Chondrocytes were co-transfected with wild-type pMIR-MCPIP1 3′ UTR or pMIR-MCPIP1 3′ UTR mutant construct with miR-139 mimics. For normalization purpose, chondrocytes were also transfected with Renilla reporter construct. Thirty-six hours post transfection, chondrocytes were harvested and luciferase activity assay was performed using dual reporter assay system. *n*=4. \**P*\<0.05; paired Student\'s *t*-test.](emm201566f4){#fig4}

![Expression of miR-139 was induced on IL-6 treatment. OA chondrocytes were treated with increasing doses of IL-6 for 24 h. miR-139 expression was measured by TaqMan assay. RNU6B was used as an internal control. *n*=3. \**P*\<0.05; \*\**P*\<0.01; paired Student\'s *t*-test.](emm201566f5){#fig5}

![Overexpression of miR-139 increased the caspase 3/7 activity in OA chondrocytes, which was enhanced in the presence of miR-9. (**a**) Human OA chondrocytes were transfected with control miR, miR-9, miR-139 alone or in combination. Twenty-four hours later, OA chondrocytes were induced with 2 ng ml^−1^ IL-1β for an additional 36 h. Lysates were prepared and protein was separated by SDS--polyacrylamide gel electrophoresis. Western blotting was performed using specific antibodies. (**b**) Chondrocytes were transfected as above. Lysates were prepared and caspase 3/7 activity was assayed using Caspase Glo 3/7 Assay kit according to the instructions provided by the manufacturer. *n*=4. \**P*\<0.05; paired Student\'s *t*-test.](emm201566f6){#fig6}
